Glycoscience is gaining recognition as an important component of life science, as emphasized in two recently published roadmaps issued by the American National Research Council in 2012 ([@B1]) and by the European Science Foundation (ESF) GlycoForum (<http://ibcarb.com/wp-content/uploads/A-roadmap-for-Glycoscience-in-Europe.pdf>) in 2015. Both references point to the same need for organizing access to glycan-related data that is absent in current bioinformatics resources.

Glycosylation is the most common protein post-translational modification yet its role is far from being understood. Glycans, proteins to which they are attached (glycoproteins) and proteins to which they bind (lectins or carbohydrate-binding proteins) are the main molecular actors in this overall cell surface picture as well as the enzymes that are needed to synthesize or trim the attached glycans. The first challenge in collecting this data is the wide range of experimental techniques used to analyze glycans and to elucidate their biological roles. Mass Spectrometry ([@B2]) and Nuclear Magnetic Resonance ([@B3]) methods are commonly used to solve glycan structures released from proteins. High or Ultra-High Performance Liquid Chromatography ([@B4]), and Capillary Gel Electrophoresis with Laser-Induced Fluorescence ([@B5]) experiments are used for high-throughput separation of released and labeled glycan structures for determination of their expression. Molecular Dynamics ([@B6]), Isothermal Titration Calorimetry or Surface Plasmon Resonance ([@B7]) are key techniques to track glycan-protein interactions, as well as glycan and protein/lectin arrays ([@B8], [@B9]). However, all these approaches are used in rather low throughput to date. Mass spectrometric proteomics approaches are recently being used to determine glycan compositions at specific sites on proteins (glycopeptide identification as reviewed in ([@B10])) at higher throughput but at present there is a modest amount of data in glycomics in contrast to most other -omics.

After assessing the spread of the data, the next major obstacle lies in linking together this data that is usually acquired independently. As it is, most glycan structures have been solved after being cleaved off their natural support whereas protein glycosylation sites are identified after fully removing or partly trimming down the attached glycans or with only the monosaccharide composition determined. As a result, key information on the glycoconjugate is lost. Furthermore, results relative to glycan-binding are in most cases obtained with free glycans. The correlation between glycan structures and glycoproteins can be sometimes extracted manually by literature searches but this data is limited and spread over many publications and is recorded in a range of different formats and representations. The limited usage of existing standards for encoding and representing glycans makes the extraction and collation of information labor intensive and time consuming ([@B11]). In the end, glycan, glycoprotein and glycan-binding data has accumulated but at different paces and with poor interrelatedness, when obviously all these parameters need to be connected for understanding of the functional role of glycoproteins.

These requirements highlight the need for piecing the disparate information together and building corresponding analytical tools to facilitate data acquisition and interpretation ([@B12]). The recent rise of glycoproteomics analytical methods ([@B10]) and the constant development of higher throughput and quantitative glycomics ([@B13]) is bringing to the fore the need for dependable glycoinformatics resources. A range of tools is now available for processing glycan structure analytical data mostly from mass spectrometry ([@B14]). Spectral annotation is likely to improve when comprehensive structural databases become universally available. This evolution is being influenced by several recent moves toward facilitating information sharing. First, glycan structural data collection can now be given unique identifiers that are supported by the wider community ([@B15]). Second, an agreement on the simplified representation of carbohydrates with the Symbol Nomenclature for Glycans (SNFG) has been reached ([@B16]). Third, guidelines for recording experimental metadata are being defined through the MIRAGE initiative ([@B17], [@B18]). This momentum needs to persist to bring glycoinformatics to a more mature stage compatible with larger scale glycomics and glycoproteomics studies. We recently reviewed the current status of the field ([@B19]).

The range of existing, as well as future, glycoinformatics resources warrants dedicated portals as initiated many years ago by GLYCOSCIENCES.de ([@B20]) and by the Consortium for Functional Glycomics (CFG)[^1^](#FN1){ref-type="fn"}. Each proposed specialized toolboxes. Although the former gathered databases and software that were strongly anchored in the chemistry of glycans and glycoproteins, the latter offered comprehensive glycan-binding data. Later, RINGS ([@B21]) was launched; it hosts a series of tools based on machine learning and tree mining to classify and align glycan structures as well as utilities for translating glycans structures between different encoding formats. However, in all these initiatives, many of the corresponding web interfaces are rather cryptic outside the glycobiology community. Furthermore, the interruption of financial support for GLYCOSCIENCES.de and reaching the natural end of the CFG project has resulted in freezing further development and creating acute maintenance problems for the corresponding developed portals.

In this context, the important focus of our bioinformatics and glycoscience collaborative initiative was to guarantee on-line resource longevity and try to circumvent issues arising from short-term or restricted funding. We therefore selected a well-established bioinformatics portal, ExPASy ([@B22]) that has been hosting the leading proteomics Swiss-Prot knowledgebase, then UniProt, for over twenty years. We have gradually populated ExPASy with developed glyco-related web-based resources and a glycomics tab was created where this new collection, that we have called *Glycomics\@ExPASy*, is now growing. We have recently broadened our range by including a selection of reference web-based resources in glycoscience that have been developed elsewhere, thereby increasing the coverage of the many aspects of glycobiology and the usefulness of the portal. This also matches the spirit of ExPASy, which has traditionally catalogued a mix of in-house and external resources in other fields, such as proteomics.

We initially appraised the requirements of an efficient glycoinformatics toolbox to support research in glycomics and glycoproteomics and identified some of the gaps between glycomics and other -omics. We then set ourselves the goal of filling those gaps. Early tasks involved defining and/or selecting data formats and ontologies, structuring data in new databases ([@B23], [@B24]) and implementing new tools ([@B25]--[@B27]). The philosophy of our initiative is to be {glycobiologist AND protein scientist}--friendly with the aim of facilitating (1) the use of bioinformatics in glycoscience and (2) the relation between glycobiology and protein-oriented bioinformatics resources. The scarcity of this bridging data led us to design tools as interactively as possible based on implementing database connectivity to facilitate data exploration and support hypothesis building.

Many glycomics and glycoproteomics experiments tend to generate results in the form of lists of results; such as lists of glycan compositions or glycan structures, lists of glyco-epitopes or lists of glycoproteins. The Glycomics\@ExPASy toolbox is organized to move away from displaying lists and to provide web interfaces highlighting relationships between the molecular entities involved. For example, shared substructures as glycoepitopes (*e.g.* Lewis a as part of Lewis b) are not apparent in a list whereas they can be highlighted if shown as the products of an enzymatic pathway and as components of a bigger glycan structure. Our technical options aim at implementing modular, interoperable and reusable applications to rationalize and speed up development. In addition, the coverage of our resources is designed to reflect the situation at the cell surface where glyconjugates and glycan-binding proteins functionally interact. Glycomics\@ExPASy has been listed as a reference on the NCBI glycan page that was associated with the recent third edition of *Essentials of Glycobiology*, as highlighted in ([@B28]) but only described as a URL. The present article details for the first time the growing content of the present interactive tool collection destined and designed to expand as glycoinformatics grows. The glycoinformatics resource described here emphasizes the potential of database and tool combination for integrating data and building new hypotheses.

MATERIALS AND METHODS
=====================

As in any other section/tab of ExPASy, *e.g.* proteomics, two lists describe the collection, one for databases and one for software tools as shown in the screenshot of [Fig. 1](#F1){ref-type="fig"}. The purpose of each item of the list is briefly summarized after its name. Our current glycomics and glycoproteomics selection is exclusively composed of databases and web-interfaced tools to the exception of MzJava, a software package used in several of our applications. It was designed for a broad usage in proteomics and glycomics spectral data management ([@B29]). MzJava was in fact primarily listed in the proteomics tab of ExPASy where it was popularized. Its occurrence in Glycomics\@ExPASy simply highlights the potential for applications in either glycomics or proteomics.

![**The glycomics tab of the ExPASy website.** This figure captures the Glycomics tab of ExPASy website. Glycomics resources are divided in two sections: Databases on the left and Tools on the right. In addition, resources developed by SIB are identified with the SIB logo whereas a gray icon precedes external tools. This screenshot reflects the content as of July 2018. The range of databases and tools is destined to expand and this image is likely to differ in the years to come.](zjw0111858140001){#F1}

We now describe the principles guiding the development of Glycomics\@ExPASy, as well as the technical choices we made for in-house resources.

### 

#### Formats and Standards

We strive to use the same nomenclature, format and reference sources to encode and describe glyco-related information in our resources as detailed below.

#### Structure Encoding

As explained in ([@B11]), several naming schemes have been proposed to describe and represent each monosaccharide. The diversity of encoding of monosaccharides is in most cases summarized in MonosaccharideDB ([@B20]). Assuming monosaccharides are clearly defined, the next step is to describe and represent the tree-like structure of glycans. Several attempts have been made to encode structures in a linear format that is computationally advantageous. Such variety of glycan encoding formats has prompted the need for translators ([@B11]). To minimize the encoding and decoding phases in Glycomics\@ExPASy tools, we chose GlycoCT ([@B30]) as our global glycan encoding format. GlycoCT is widely used in the most recent databases and software. All the web interfaces developed for SIB tools, accept GlycoCT as input for glycan structures. All SIB databases (UniCarb-DB, GlyConnect and SugarBindDB) store glycan structures in GlycoCT and IUPAC. However, GlycoCT is not ideally suited for efficient structure similarity search or motif extraction. For these purposes the Resource Description Framework (RDF) scheme is recognized as a preferable option ([@B11], [@B12]). We implemented an RDF data model as the basis of GlyS3 ([@B26]), the generic substructure search tool in Glycomics\@ExPASy. For example, binding motifs of SugarBindDB are cross-referenced to full structures of GlyConnect using GlyS3.

#### Structure Representation

The 3rd edition of Essentials of Glycobiology, the reference manual in the field, highly recommends the SNFG defined in ([@B16]) for representing glycan structures. All the tools in Glycomics\@ExPASy are SNFG-compatible. SNFG is also set as the default representation in all SIB databases in which visualization in the Oxford nomenclature ([@B31]) and text-IUPAC condensed is optional.

#### Cross-references

All the databases developed in Glycomics\@ExPASy describe species with the taxonomy of the National Centre for Biotechnology Information (NCBI) ([@B32]) and provide a UniProtKB ([@B33]) accession number for each annotated glycoprotein. Furthermore, to facilitate the connection with other glyco-resources and to be compatible with multiple encoding standards, glycan structures are associated with unique identifiers of GlyTouCan ([@B15]), the international glycan structure repository. When glycan structures are imported into one of our data sources, we manually check if they are already present in the repository, otherwise we proceed with the registration. The unique identifier is useful to easily connect tools. In addition, GlyTouCan automatically generates cartoons and linear representation in diverse formats.

#### Controled Vocabularies and Ontologies

Although glycan structures are the central elements in the resources of Glycomics\@ExPASy, a substantial amount of biological data can be associated with each glycan structure. To ease cross-linking of the information and ensure its quality, we use existing ontologies and controlled vocabularies whenever possible. More specifically, tissue information is systematically tagged with Uberon ([@B34]) and Brenda ([@B35]) identifiers (now operational in GlyConnect and soon extended to SugarBindDB and UniCarb-DB). Disease associations in SugarBindDB and GlyConnect match appropriate terms from Disease ontology ([@B36]).

#### Experimental Evidence

The Minimum Information Required for A Glycomics Experiment (MIRAGE) guidelines have been issued ([@B17]) but to date, are not implemented widely. UniCarb-DB, the glycomic mass spectrometry (MS) database and repository ([@B23]), is accumulating information in the first MIRAGE-compliant MS-based database (manuscript in preparation).

#### Technical Options for Databases Hosted on ExPASy

The Glycomics\@ExPASy backend is built on top of a family of curated databases ([Table I](#TI){ref-type="table"}). Three (SugarBindDB, UniCarb-DB and Gly Connect) can be directly queried on-line whereas the remainder serve as sources for dedicated tools. To keep both the number of databases and their extent to a minimum, the glyco-epitope collection is made accessible only through applications. As detailed in ([@B37]) it results from the compilation of four independent sources (GlycoEpitopeDB, SugarBindDB, Glyco3D ([@B38]) and the literature) and the glycoepitopes were all translated into the GlycoCT format. Glycan array binding data were downloaded from the Consortium for Functional Glycomics (CFG) database (<http://www.functionalglycomics.org/glycomics/publicdata/>) to reinforce the lectin recognition described in SugarBindDB. This data can of course still be queried directly from the CFG website. The *Database* table ([Table I](#TI){ref-type="table"}) summarizes the data that is fully hosted at SIB. Note that the Unilectin joint project (<https://www.unilectin.eu>) aiming at classifying and predicting lectins as well as enhance Lectin3D ([@B38]) was included in 2018. Data is presently hosted at CERMAV (<https://www.cermav.cnrs.fr>).

###### Database table

List of databases with data hosted at SIB. Note that Unilectin is developed in collaboration with SIB but data is hosted at CERMAV (<https://www.cermav.cnrs.fr>).

  Status                             Name                                                       Purpose                         Ref
  ---------------------------------- ---------------------------------------------------------- ------------------------------- ----------
  On-line direct web access          SugarBindDB                                                Host-pathogen interactions      ([@B24])
  UniCarb-DB                         Experimental MS data                                       ([@B23])                        
  GlyConnect                         Glycoconjugate data (extension of GlycoSuiteDB ([@B48]))   −                               
  Only accessed through tool usage   Glycoepitopes                                              Protein-binding substructures   −
  CFG data                           Glycan array experiments                                   −                               

All curated data within the Glycomics\@ExPASy initiative are stored in relational databases, which form the knowledge base of our websites and tools. The technology stack is similar in our three databases and from a user perspective, the "look and feel" is harmonized. The databases are powered with a very recent version of PostgreSQL (version 9.5) in a dedicated web application for each. These web applications are built with the Java technology and the *Play!* Framework (version 2.5). These options facilitate the development of corresponding Graphical User Interfaces (GUIs) and a REST Application Programming Interface (API) for machine communication.

With the power of the latest version of the database engine, an aggregation of the glycan structures, protein recognition and bindings has led to storing data and annotation in a centralized repository. As a result, a communication Application Programming Interface (API) and GlyConnect acting as a dashboard provide the users with a broader view and the means to query and navigate through the different data sets. Database information is encapsulated in a series of tables, which cannot be accessed from outside SIB. Open access to the data will however be shortly granted via an RDF end point. The end point comes with a new ontology, inspired from GlycoRDF ([@B39]) that helps users understanding relationships across different molecular entities. Using the ontology, any computer or user can integrate Glycomics\@ExPASy data with external resources that provide a public RDF end point and have an entity in common. The use of RDF and dedicated ontology makes Glycomics\@ExPASy compliant with FAIR Guiding Principles for scientific data management ([@B40]).

#### Technical Options for In-house Tool Development

The logic behind all Glycomics\@ExPASy tools has been shaped using a Service Oriented Architecture (SOA) ([@B41]). We implemented each specific task as a service, accessible with a common Application Programming Interface (API), which can be combined to create more complex tools. Our willingness to extend principles of modularity and reusability to the graphical user interface (GUI) prompted the search for a modular framework, which would allow the development of separated GUI components as building blocks in the deployment of new tools. To reach our goal, we followed the Web Component standard created by W3C and Google. It offers an easy composition and reuse of GUI components. As a proof of concept, the framework named Google Polymer was used to redesign the interface of GlycoDigest (previously only available as download ([@B25])). Then it was used more extensively to build SwissMassAbaccus, Glynsight ([@B37]), PepSweetener ([@B42]), EpitopeXtractor ([@B37]) and the Search section of GlyConnect. In the long run, this approach saves time because a new tool can be created with readily available services and GUI building blocks. In addition, the ability to quickly build prototypes based on ideas from the wet lab facilitates collaboration between developers and users.

RESULTS
=======

ExPASy, now a mature 24-year-old portal accessible to the Life Science community ([@B43]), has mainly hosted proteomics tools ([@B44]) until 2012 when it was extended to host other -omics resources ([@B22]). CAZy ([@B45]), GlycanMass and GlycoMod ([@B46]) as well as the neural net glyco-site predictor series ([@B47]) of the former Center for Biological Sequence Analysis (CBS) (now Bioinformatic unit at Technical University of Denmark) have stood the test of time and portal changes. They preceded the current effort described here to provide access to glyco-resources from ExPASy. This "seed" selection illustrates our willingness to mix in-house with externally developed quality informatic tools in the collection. It also emphasizes the continuity of our endeavor because two authors of GlycoMod ([@B46]) are authors of the present article. Note that GlycoSuiteDB ([@B48]) was also briefly part of the proteomics collection between 2009 and 2013.

Glycomics\@ExPASy is developed in close collaboration with several glycoscience and glycoproteomics groups acknowledged at the end of this article. As such it is destined to expand the range of databases and tools it contains.

### 

#### In-house Data Collection

Data stored in the listed glycodatabases is in most cases, manually curated. For the SIB-labeled databases, curation is jointly undertaken with glycoscientist partners who supply expert information assessment that defines the filtering and subsequent annotation procedures. However, the expected increase of data production has prompted tagging the stored information as "reviewed" or "unreviewed" depending on the level of data curation. The 21^st^ century is being characterized by a major speed gap between data production and its curation. All -omics fields are undergoing a data deluge to produce the current Big Data challenge. Thus, at this stage "reviewed" glycoprotein information is based on the curated literature based GlycoSuiteDB ([@B48]) and further updating work performed by Dr Robyn Peterson in the Packer research group. "Reviewed" glycan mass spectrometry data is annotated by the expert Karlsson group in UniCarb-DB. The "unreviewed" tag usually involves minimal quality check and currently only involved the integration of MS large-scale glycoproteomics data.

The glycan data and information stored in our databases reflects the actual trends in the literature. High-throughput glycopeptide studies as illustrated in the latest published works ([@B49], [@B50]) are overwhelmingly focused on human *N*-glycosylation. These large data sets are now included in GlyConnect with an "unreviewed" status. Despite this subsequent and temporary bias toward human *N*-glycans reflecting data availability, GlyConnect content is diverse and cross-species. It does cover a significant number of *O*-glycans. In contrast, UniCarb-DB is biased toward *O*-glycan spectra. A greater integration of these two databases is planned in the near future. GlyConnect also contains a few entries of C-linked glycans which are much rarer in the literature as well as structures of glycans not attached to proteins such as milk oligosaccharides.

UniLectin was launched in 2018 and currently contains an extended version of the Lectin3D part of the Glyco3D collection ([@B38]). It is dedicated to describing lectins and their glycan ligands initially based on information stored in the PDB (Protein Data Bank). Another (yet unpublished) aspect of the UniLectin project is to predict lectin domains and folds in uncharacterized amino acid sequences.

#### Selection of External Data Sources

Because of the growing interest in glycomics, several glycoscience groups around the world are releasing new or updated versions of glycoinformatics tools and databases. Glycomics\@ExPASy is set to integrate strictly web-based, quality recognized and supported resources for glycomics. Tools and databases developed by our group at SIB are preceded by the SIB logo whereas external resources have an "external link" gray icon.

The inclusion of MatrixDB ([@B51]) and CSDB ([@B52]) in the database list of Glycomics\@ExPASy offers access to curated glycosaminoglycans (GAGs) and bacterial and fungal glycan information respectively. The registration in the GlyTouCan repository of all glycan structures recorded in our own and in partner databases greatly facilitates integrative efforts. This task has required substantial preliminary work on data standardization and was carried out for GAGs in collaboration with MatrixDB developers (manuscript resubmitted after minor revision).

The duplication of the link to Glycomics\@ExPASy of the renowned CAZy database of glycosylation enzymes from the ExPASy proteomics tab, where it has been listed for many years, improves the set of relevant databases by covering the knowledge of glycan synthesis and degradation.

External resources are listed in [supplemental Table S1](http://www.mcponline.org/cgi/content/full/RA118.000799/DC1). In the vast majority of cases, they have been selected either because they are cross-referenced in our resources (this is the case for example of GlyTouCan or Glyco3D), or are planned to be in the near future. Our latest addition to the Database section is Glycopedia that provides a source of basic to advanced knowledge of glycoscience. Glycopedia collects e-chapters and compiles various sources to suggest relevant readings. It is consulted by naïve or expert users and as such is increasingly referred to in and outside the field of glycoscience.

We include resources upon suggestion or request. Note that as a rule, applying to most sections of ExPASy, to be included in the portal, the resources must be web-based, regularly updated and improved. With these criteria met, we are open to grow the collection with those qualifying resources. Our contact form on the ExPASy website is suited for suggesting a tool or a database to be assessed and added. The inclusion process is ongoing.

#### Dashboard

We briefly introduce here GlyConnect, our new dashboard released in December 2017 and unpublished so far. GlyConnect is designed to monitor, integrate and facilitate the interpretation of collected glycomics and glycoproteomics data. It is the central platform of Glycomics\@ExPASy that will boost the usefulness of on-line services by tightly integrating tools and databases. The essential entities that are stored or processed in GlyConnect, are shown in [Fig. 2](#F2){ref-type="fig"}.

![**The essential entities described in the resources of Glycomics\@ExPASy.** One of the main purposes of Glycomics\@ExPASy is the integration of the tools in the collection shown in [Fig. 1](#F1){ref-type="fig"}. To that end, GlyConnect is used as a dashboard for using in-house and cross-referenced resources. It is designed to ease navigation between entities named in red: protein, peptide, site, glycan, composition and ligand. A protein, a glycan composition or a glycan structure (through its structural properties) is an entry point in the database. Then structures, peptides and sites can be listed and compared and possible correlations brought out.](zjw0111858140002){#F2}

#### Integrative Tools

Database associated tools can be grouped into two categories, either *dedicated* to solve a specific question or *integrative* to be used in several applications. The collection is depicted in this way in [Table II](#TII){ref-type="table"} and III. Most dedicated tools are described in detail in the cited references. For example, integrative tools are: Substructure search, GlyS3 is used in linking SugarBindDB to GlyConnect, in the construction of the Glydin\' map and in some queries of GlycoSiteAlign,EpitopeXtractor is integrated in Glynsight and GlyConnect,GlycanBuilder, developed within the EuroCarb project ([@B53]) is used as a query tool in the databases GlycoDigest and GlyS3. It will be soon replaced by SugarSketcher, a new web component currently being prototyped. The beta version is nonetheless accessible on the server (<https://glycoproteome.expasy.org/sugarsketcher>) and awaits feedback from users,LiteMol ([@B54]) was also not developed in our group but is used across our resources for visualizing 3D structures when available in the PDB ([@B55]). LiteMol was selected as the main 3D visualizer in the PDBe, the European version of PDB World.

###### Dedicated tool table

This table lists all the tools developed by SIB. For each tool the table shows a short description followed by its reference. In addition, we report the software language that has been used and if the tool is accessed through a web interface written with Google Polymer web components.

  Name              Purpose                                                                                    Ref        Web component   Language
  ----------------- ------------------------------------------------------------------------------------------ ---------- --------------- ------------
  GlycoMod          Predicts glycan structures from mass data                                                  ([@B46])   No              Perl
  GlycoDigest       Simulates exoglycosidase digestion                                                         ([@B25])   Yes             Javascript
  SwissMassAbacus   Glycopeptide mass calculator                                                               −          Yes             Javascript
  GlycoSiteAlign    Aligns glycosite regions depending on attached glycan                                      ([@B27])   No              Python
  PepSweetener      Predicts intact glycopeptides (peptide + glycan composition) from mass data                ([@B42])   Yes             Javascript
  Glycoforest       Partial de novo sequencing of glycans from MS/MS data                                      ([@B60])   No              Java
  Glynsight         Displays interactively glycan profile changes on a single protein in multiple conditions   ([@B37])   Yes             Javascript

###### Integrative tool table

This table lists all the integrative tools developed by SIB. For each tool the table shows a short description followed by its reference. In addition, we report the software language that has been used and if the tool is accessed through a web interface written with Google Polymer web components. Rows written in grey correspond to software developed outside SIB.

  Name               Purpose                                                                  Ref        Web component   Language
  ------------------ ------------------------------------------------------------------------ ---------- --------------- ------------
  GlycanBuilder      Graphic interface for drawing glycan (operational but slow)              ([@B53])   No              Java
  SugarSketcher      Client-side graphic interface for drawing glycan (prototype)             −          Yes             Javascript
  Glydin\'           Displays interactively a map of glycoepitopes and shared substructures   ([@B37])   No              Python
  GlyS3              Glycan substructure search                                               ([@B26])   Yes             Java
  EpitopeExtractor   Outputs known glycan determinants from glycan structures                 ([@B37])   Yes             Javascript
  LiteMol            Displays interactively 3D models of glycoproteins                        ([@B54])   No              Javascript

#### Hypothesis Building

Glycomics\@ExPASy attempts to support the formulation of hypothese in the broad range of biological functions where glycans are involved. We offer a toolbox to navigate, explore and correlate data. As an example, using GlyS3, SugarBindDB, GlyConnect and the respective cross-links of these databases to UniProt, a user can seek to establish the consistency of interactions taking place at the cell surface. In the following, three possible use cases are brought to the reader.

#### From MS to Glycoprotein Features

Our tool set is designed to match the expected boost of glycoproteomics (glycan composition at specific sites on complex mixtures of glycoproteins) data that is currently just reaching high throughput level ([@B56], [@B57]). An example on how to integrate some of our dedicated tools for extracting glycoprotein features from MS data is shown in [Fig. 3](#F3){ref-type="fig"}. Predominant precursor masses in the MS spectra can be input into PepSweetener ([@B42]). This software supports the manual annotation of intact glycopeptides, using custom web visualization regardless of the instrument that produced the data. Results are displayed on an interactive heat-map chart featuring the combined mass contributions of theoretical (usually tryptic) peptides and attached glycan compositions. The variations in tile colors correspond to ppm deviations from the query precursor mass. Annotation can be refined through glycan composition filtering, sorting by mass and tolerance, and checking MS2 data consistency via an *in silico* peptide fragmentation diagram (in-house fragmentation tool common with that of UniCarb-DB). PepSweetener is mainly designed as a complement or extension to software being developed for automatic analysis of glycoproteomics MS data and avoiding their dependence on a set workflow or type of instrument ([@B13]). Note that an international assessment of the latter tools available for the interpretation of complex glycopeptide MS/MS data is underway through a call launched in 2018 within the HUPO Human Glycoproteomics Initiative (HGI: <https://www.hupo.org/Glycoproteomics->(B/[d]{.smallcaps}-GPP)) for testing the performance of the currently available glycoproteomics MS software with benchmark data sets. The outcome of this study will guide the presentation of the Glycomics\@ExPASy toolbox toward a more informative and didactic section on MS-based glycoproteomics data analysis tools. Given that we collect exclusively web-based resources rules out the inclusion of efficient but only stand-alone software. One such web-based proteomics viewer caters for the visualization of glycoproteomics MS data, namely MSViewer, integrated in the Protein Prospector software suite that uses a specific glycosite database to enhance intact glycopeptide identification ([@B58]). Protein Prospector features in the proteomics tab of the ExPASy portal as it is currently recognized as a protein identification platform.

![**From Mass Spectrometry data to glycoprotein profile.** A representative scenario of the possible combination of PepSweetener and Glynsight in order to support the manual annotation of MS1 mass spectra of intact *N*-glycopeptides and integrate quantitative information when available. Users can process MS1 Spectra using PepSweetener to identify all the possible *N*-glycan compositions on a single human protein. Intact glycopeptide masses are broken into the respective contributions of the peptide and the glycan masses. Compositions in PepSweetener are in the detailed format shown in [supplemental Fig. S1](http://www.mcponline.org/cgi/content/full/RA118.000799/DC1). Then, when quantitative data on each composition is available, Glynsight can be used to identify specific glycosylation patterns. The procedure can be repeated with a second protein and Glynsight will automatically generate the differential analysis of glycan profiles on the proteins. The integration with Glyconnect leads to displaying the potential glycan structures known to match the differentially expressed monosaccharide compositions.](zjw0111858140003){#F3}

In the best cases, glycoproteomics experiments also generate relative quantitative data (see ([@B59]) for example). In such favorable, though presently rare, data, a set of site-specific glycan compositions can be associated with levels of abundance, which can then be processed by Glynsight that will create glycan profiles for each glycoprotein in the experiment ([@B37]). A file containing a list of glycan compositions present on a protein, with the respective quantification, can be uploaded and processed by Glynsight. This tool produces a custom visualization that highlights up/down-regulated glycan compositions (either site-specific or global) among diverse proteins or on the same protein under different conditions, for example healthy/cancer. [Fig. 3](#F3){ref-type="fig"} highlights the situation where two proteins are successively processed with PepSweetener and assumes quantitative data are provided for each identified glycan composition. The Glynsight interface can display a glycan expression profile for each protein as well as the differential profile between two proteins. Furthermore, Glynsight integrates with GlyConnect, such that any glycan composition is connected to all the putative glycan structures that have already been reported in the literature. In the end, after determining a pool of interesting compositions from MS data, scientists can leverage knowledge and tools in Glycomics\@ExPASy to build new hypotheses and design the next round of experiments.

#### Exploring Glycoprotein Features

Current global glycome profiling experiments generate one or more set(s) of glycan compositions and/or structures with their respective expression on a protein, in a tissue or in a cell. Tools and databases in Glycomics\@ExPASy can be combined to explore distinctive glycan features that characterize glycoproteins as shown in [Fig. 3](#F3){ref-type="fig"}. In this case, the entry point of the workflow is GlyConnect to which a list of glycan compositions is submitted. The GlyConnect search tool will retrieve the possible related glycan structures and the proteins that have been reported to have these compositions/structures attached and stored in the databases. Results are displayed in a form of a conceptual map where the compositions sit in the middle and connect glycan structures and associated glycoproteins, respectively on the right and the left sides ([Fig. 4](#F4){ref-type="fig"} part 1). This visualization is well suited for understanding the potential relations between proteins and glycans. Selected glycan structures can be further explored through activating the integrated EpitopeXtractor function ([Fig. 4](#F4){ref-type="fig"} part 2a). This tool extracts all glycoepitopes that form a part of the selected structures, based on our curated set of glycoepitopes (see Material & Methods section). To further explore the results, Epitope Xtractor is integrated with Glydin\' ([@B37]) ([Fig. 4](#F4){ref-type="fig"} part 3a), the epitope network viewer so that extracted glycoepitopes can be mapped onto the network to highlight clusters of shared structures as well as potential outliers. Glydin\' provides two types of network: substructure based and enzyme based. In the substructure case two nodes are connected if one glycoepitope is a substructure of the other whereas in the enzyme case, two nodes are connected as the result of a glycosyltransferase adding a monosaccharide to the other. Each node/glycoepitope, is linked to the database or publication source(s) from which it was extracted (see ([@B37]) for details). When glycoepitopes are contained in SugarBindDB ([Fig. 4](#F4){ref-type="fig"} part 4a), additional information includes structures potentially associated with diseases.

![**From composition to glycoprotein features.** An interactive way of extracting glycoprotein features from glycan compositions combining published data and *ad hoc* tools ([@B1]). A list of compositions is input in GlyConnect, which retrieves all the proteins reported as having these compositions attached to them (on the left) and reported glycan structures corresponding to this composition (on the right) annotated in this knowledge base. Glycan structures can be further processed to extract contained glycan epitopes using EpitopeXtractor (2a). Glycoepitope results can be mapped on Glydin\', an interactive epitope network (3a). Glydin\' aggregates glycan epitopes from four different sources (databases and literature reviews) and provides links to the original information. When epitopes are taken from SugarBindDB, further information on the pathogens can be browsed (4a).](zjw0111858140004){#F4}

This stepwise combination of tools draws a possible path from a list of glycan compositions to the binding properties of specific glycan structures to support the user in narrowing down questions of molecular interaction and selecting a subset of relevant glycans. The structural properties of these interacting glycan structures can be further exploited. In both GlyConnect and GlycoSiteAlign ([@B27]) glycan structures are associated with descriptive features of glycan type such as "sialylated", "core-fucosylated", etc (see [supplemental Table S2](http://www.mcponline.org/cgi/content/full/RA118.000799/DC1) for the complete set of properties). In parallel to considering the set of glycan structures matching the initial list of compositions as the input of EpitopeXtractor, the compositions can also be submitted to GlycoSiteAlign. This tool selectively aligns amino acid sequences surrounding glycosylation sites (by default, 20 positions on each side of the glycosylated residue) depending on structural properties of the known glycan attached to the site. In other words, this is an alternative mean to characterize the glyco-site sequence environment with the prospect of identifying the most constrained amino acids.

#### Glycan-mediated Protein-Protein Interactions

Using another combination of tools and databases in Glycomics\@ExPASy, potential correlations between a glycan binding protein (GBP) of a pathogen a host glycoprotein and a glycan structure ([Fig. 5](#F5){ref-type="fig"}*B*) can be made.

![**Glycan mediated protein-protein interactions.** This figure shows how a new hypothesis on glycan mediated protein-protein interaction can be built using published data in Glyconnect and SugarBindDB: *A*, In this scenario glycan binding protein (GBP) is selected in SugarBind. The information on the glycan ligand recognized by the GBP is used to perform a substructure search on all the structures in Glyconnect with the GlyS3 glycan substructure search tool. The structures identified by GlyS3 are used in Glyconnect to create a list of target proteins that can interact with the initial GBP. In the example of the blood group B antigen triose, there are 35 full structure types in GlyConnect that contain this glycoepitope (*B*) In this scenario a glycoprotein in GlyConnect is selected with its list of associated glycan structures. Glycans are processed with EpitopeXtractor to single out all the glycan epitopes contained. The Glydin\' interactive map of structurally related glycoepitopes helps visualizing the potential common substructures in the complete set of glycoepitopes. Then, extracted epitopes are used in SugarBind to identify all the reported GBPs that can possibly interact with the initial glycoprotein. In this example, the VP1 capsid protein of the Norwalk virus is known to bind the blood group B antigen triose. Note that protein structures shown above UniProt and those shown above GlyConnect are not related to the example but simply illustrating the difference in the information that is stored on the unglycosylated protein in contrast with the stored information on intact glycoproteins.](zjw0111858140005){#F5}

In the first scenario ([Fig. 5](#F5){ref-type="fig"}*A*), the starting point is a glycoepitope recognized by a specific GBP ([Fig. 5](#F5){ref-type="fig"}*A*), a bacterial lectin described in SugarBindDB. This is illustrated with the blood group B antigen triose. A binding event in this database is always formed by a pair composed of a GBP/lectin and a glycoepitope part of a glycan present on the host surface. Whenever possible, further information of a GBP/lectin is available via cross-reference to UniProt. The glycoepitope can be used as an input of the GlyS3 substructure search tool to match the full structures stored in GlyConnect that contain this specific ligand. The list of glycan structures retrieved by GlyS3 can be explored in GlyConnect that reports relationships between glycans and glycoproteins. In this example 35 matches to full structures are detailed. They are spread across twenty *O*-linked, nine *N*-linked glycans and six structures reported as non-attached to proteins. The shortlisted glycoproteins can be considered as candidates for interacting with the initial GBP/lectin. The cross-references from GlyConnect to UniProt closes the loop for protein information. In a nutshell, starting with a GBP/lectin can lead to a selection of putative glycoprotein interaction partners.

The second scenario ([Fig. 5](#F5){ref-type="fig"}*B*) starts from a glycan structure in GlyConnect and relies on its reported relationships with glycoproteins. The figure shows an example of a reviewed *N*-linked glycan structure. GlyConnect also offers the option of running EpitopeXtractor to generate a selection of glycoepitopes contained in this starting glycan. Leveraging the binding data in SugarBindDB, the obtained glycoepitopes can be associated with a collection of GBPs/lectins that recognize one or more of these glycoepitopes. In the end, the workflow allows the selection of GBPs that could possibly interact with the glycoproteins on which the starting glycan has been reported to be attached. Cross-references of both glycoproteins in GlyConnect and GBPs/lectins in SugarBindDB to UniProt can be used to further rationalize potential interacting partners.

In the end, combinations of tools and databases in Glycomics\@ExPASy can be used to generate a selection of putative glycan mediated protein-protein interactions. These can be considered for further experiments.

DISCUSSION
==========

Our project is part of a wider initiative and is intended as a major step toward interconnecting isolated efforts within the broad and interdisciplinary field of glycobiology. As such it is designed to boost progress in glycoscience research. At this stage, we have a focus on human glycans and related proteins reflecting the current main research published in the literature. Cell surfaces, plasma and serum are the most studied systems displaying glycosylation changes in many diseases. However, there is overwhelming evidence of similar changes on other glycoproteins, components of the immune system, saliva and the protective mucus of the gastrointestinal tract, among others. Many of these glycosylation changes are biologically significant and connected with the molecular dysfunctions involved in disease initiation and are evident early in the disease progress. Being key mediators in tumor progression events, glycoproteins influence features of tumor cells such as proliferation, invasion, angiogenesis, and metastasis. Besides, glycans and glycoconjugates play essential roles in the dynamic interplay between host and pathogens.

Our technical choices detailed in the Material & Methods section were deliberately made to ensure the modularity, interoperability, reusability and user-friendliness of our applications on the ExPASy portal. In the long run, this approach saves time because a new tool can be created with readily available services and Graphical User Interface (GUI) building blocks. To give a concrete example, SwissMassAbacus was prototyped in 1 day, assembling available pieces and quickly deployed within a week. In addition, the ability to build quick prototypes based on ideas from the wet lab facilitates the collaboration between developers and users. The innovative component of this approach is not only related with time but has an impact on work sharing. The modularity enforced by the framework allows assigning precise and delimited tasks that can be undertaken by software developers with no prior involvement in the project. Web Components and SOA are key to the fast delivery of *ad hoc* applications to our end users mixing pre-built GUI components with a solid API. Maintenance is minimal and easily transferred to new staff. Finally, our tight network with glycoscientists contributes to biocuration and the definition of tool requirements and is creating a critical mass of users and the best conditions for anticipating the bioinformatics needs of the community. This privileged position combined with rationally chosen technology seems our best chance to guarantee long term production, quality, usefulness and maintenance.

We are aware that the scenarios we have proposed to combine several tools and rely on curated data are still limited by the minimal content of available databases. As an example, we are collecting data from published glycoproteomics data sets including the increasing *O*-GlcNAc data. We anticipate this shortcoming of limited data to lessen with time with converging efforts to produce more glycoproteomics data and improved experimental technologies. Glycomics\@ExPASy has been designed to accommodate this easily.

CONCLUSION
==========

Glycomics\@ExPASy is destined to become an essential and valuable reference portal for glycoscience research. Offering bioinformatics resources for glycomics and glycoproteomics on a server that has built its long-lasting reputation on bioinformatics for proteomics and more recently for other common -omics is an effective means of pulling glycoscience out of its isolation by boosting visibility and cross disciplinary research focus. Glycomics\@ExPASy was designed and is developed with a long-term vision and in collaboration with glycoscientists to meet as closely as possible the needs of the community in glycoinformatics. This vision in the first instance encompasses reaching out to protein scientists who consider glycomics a too complicated topic to include in protein characterization studies. Next steps will involve the inclusion of data on other biologically important glycoconjugate data such as glycolipids and proteoglycans and their connection with other -omics data.
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======================

###### supplemental Table S1

\* This work is supported by the Swiss Federal Government through the State Secretariat for Education, Research and Innovation (SERI). The ExPASy portal is maintained by the web team of the Swiss Institute of Bioinformatics and hosted at the Vital-IT Competency Center. Part of the tools described above were developed with the support of the European Union (<https://ec.europa.eu/research/fp7/>) FP7 Innovative Training Network \[ITN 316929\] and the Swiss National Science Foundation \[SNSF 31003A_141215; <http://www.snf.ch/>\].

^![](sbox.jpg)^ This article contains [supplemental material](http://www.mcponline.org/cgi/content/full/RA118.000799/DC1).

^1^ The abbreviations used are:

CFGConsortium for Functional GlycomicsLCliquid chromatographyH/UPLChigh or ultra-high performance liquid chromatographyNMRnuclear magnetic resonanceCGE-LIFcapillary gel electrophoresis with laser-induced fluorescenceMDmolecular dynamicsITCisothermal titration calorimetrySPRsurface plasmon resonanceGUIgraphical user interfaceAPIapplication programming interfaceSNFGsymbol nomenclature for glycanGBPglycan binding proteinSOAservice oriented architectureESFEuropean Science FoundationRDFresource description frameworkNCBINational Centre for Biotechnology InformationMIRAGEminimum information required for a glycomics experimentCBSCenter for Biological Sequence AnalysisHGIHuman Glycoproteomics Initiative.

We thank Serge Perez, Anne Imberty, Sylvie Ricard-Blum, Bernard Henrissat, Gordan Lauc, Manfred Wuhrer, Daniel Kolarich, Natasha Zachara, Pauline Rudd, Kiyoko Aoki-Kinoshita, Gavin Davey, Sriram Neelamegham and Elaine Mullen for their support and cooperation in promoting this effort. We also thank François Bonnardel, Matthew Campbell, Leonardo Castorina, Renaud Costa, Marcin Domagalski, Marie Ghraichy, Lou Gotz, Nicolas Hory and Josefina Lascano Maillard for their contribution to some of the hosted resources.

[^1]: Author contributions: J.M., D.A., O.H., N.G.K., N.P., and F.L. designed research; J.M., D.A., A.G., O.H., E.G., and M.R.-M. performed research; D.A. and F.L. wrote the paper.
